Large carnivores can reduce ungulate numbers by predation and via induced risk effects alter ungulate behavior, indirectly affecting lower trophic levels. However, predator-induced risk effects probably act at different spatial scales, which have often been ignored in trophic cascade studies. We studied how a fine-scale risk factor (distance from tree logs) affects ungulate browsing intensity and how this is modified over a landscape-scale risk gradient (distance from human settlements to wolf core) in the Białowie_ za forest, Poland. We found that landscape-and fine-scale risk factors strongly interacted in determining the strength and magnitude of carnivore-induced risk effects on lower trophic levels. In low-risk areas, tree logs reduced browsing intensity in small patches (approx. 4-6 m from logs), whereas in high-risk areas browsing intensity was reduced up to at least 16 m from tree logs. Moreover, the magnitude of these effects changed, with the strongest reduction in browsing intensity around tree logs in high-risk areas (up to 37%) and the smallest in low-risk areas (< 20%). Overall, the results of this study indicate that perceived risk factors act at different spatial scales, where impediments (objects blocking view and escape routes) act as a risk factor at a fine scale and carnivore distribution shapes perceived risk at the landscape scale. Moreover, these risk factors strongly interact, thereby determining the functional role of large carnivores in affecting ecosystem processes. These interactive effects should be incorporated in predator-induced trophic cascade studies to understand patterns of tree regeneration in ecosystems where large carnivores and herbivores live together.
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INTRODUCTION
Large carnivores play a major role in ecosystem functioning through suppressing ungulate herbivory which in turn affects abundance and distributions of several fauna taxa, and vegetation development (Ripple and others 2014) . These indirect trophic cascading effects of large carnivores on vegetation are induced by reduced ungulate population densities via predation and by affecting ungulate behavior and spatial distribution via perceived risk effects. The risk effects of carnivores on prey behavior have been suggested to be stronger than the reduction in prey population for inducing trophic cascades (Kotler and Holt 1989; Werner and Peacor 2003; Preisser and others 2005; Verdolin 2006; Valeix and others 2009b) .
Risk effects of large carnivores seem to act at two spatial scales: carnivore distribution and activity patterns mainly determine ungulate density and distribution via predation risk on a large spatial scale (the landscape scale), whereas the presence of valleys, ridges and impediments (for example, structural objects that limit view and/or escape possibilities for prey) can affect ungulate density, distribution, behavior and perceived predation risk on a fine spatial scale (Halofsky and Ripple 2008; Kuijper and others 2015; Painter and others 2015) . However, there is an ongoing debate about the existence and importance of these fine-scale risk factors compared to landscape-scale risk factors (Halofsky and Ripple 2008; others 2010, 2013; Winnie 2012 Winnie , 2014 Beschta and Ripple 2013; others 2014, 2018; Painter and others 2015) . Although there is agreement that at a large-scale wolves change ungulate distribution from a closed toward an open landscape, there is disagreement whether fine-scale risk factors result in patchy tree recovery.
Moreover, risk effects are often dependent on landscape structures (impediments, valleys and ridges) and the strength of risk effects is modified by predator presence (Creel and others 2008; Eisenberg and others 2014; Kuijper and others 2015) . Thus, risk factors operating at different spatial scales are likely to strongly interact. These interacting effects of structural fine-scale and landscape-scale risk factors in affecting ungulate behavior and their impact on the vegetation has received little attention in studies on trophic cascading effects of large carnivores (but see Kuijper and others 2015; Beschta and others 2018) .
At the landscape scale, ungulates may alter their spatial distribution to reduce potential predation risk (Creel and others 2005; Valeix and others 2009a; Thaker and others 2011; Hopcraft and others 2012; White and others 2012; Latombe and others 2014) , often resulting in a shift from highquality forage but risky habitat to safer habitats with lower quality forage (Creel and others 2005; Fortin and others 2005) . Which habitat type ungulates perceive as safe is to a large extent influenced by their main predator's hunting strategy (that is, courser or ambush) and how they can themselves react to this to reduce predation risk (Creel and others 2005; Shrader and others 2008; Hopcraft and others 2012; Kuijper and others 2014; Wikenros and others 2015) . Ungulates generally perceive foraging in open areas as less risky when their main predator uses an ambush strategy (Shrader and others 2008; Valeix and others 2009a) , whereas closed habitats are perceived as less risky in case of cursorial/coursing predators (Creel and others 2005) . These landscape-scale behavioral changes in response to predation risk can lead to cascading effects on woody plant vegetation (Creel and Christianson 2009; Ripple and Beschta 2012; Ford and others 2014; Flagel and others 2016) .
At fine spatial scales, ungulates may adjust their behavior near objects or landscape elements that increase (perceived) predation risk, such as impediments or dense vegetation that reduce visibility or block escape routes independent of a predator's hunting strategy (Halofsky and Ripple 2008; Kuijper and others 2015; Schmidt and Kuijper 2015; Stears and Shrader 2015) . At high-risk sites, ungulates generally increase vigilance levels at the cost of foraging time. For example, wapiti (Cervus canadensis) are more vigilant near escape impediments (Halofsky and Ripple 2008) . Likewise, red deer (Cervus elaphus) in the Białowie_ za Primeval Forest (BPF) in Poland avoid tree logs and increase their vigilance levels near fallen tree logs, especially when situated inside the core of a wolf territory (Kuijper and others 2015) , indicating that deer perceive tree logs as risky. These behavioral changes seem to play an important role in landscapeWolves and Tree Logs: Landscape-Scale and Fine-Scale Risk Factors Interactively level patterns of tree regeneration in the BPF. The increased perceived predation risk near tree logs protects saplings by reducing browsing intensity, allowing them to grow taller and faster above the browsing line (Smit and others 2012; others 2013, 2015) .
What until now received little attention is that above-mentioned landscape-scale and fine-scale risk factors likely strongly interact. However, some of studies do suggest that the behavioral response of ungulate prey species to structural fine-scale risk factors strongly depends on landscape-scale patterns of predator presence (White and others 1998; Crosmary and others 2012; Kuijper and others 2015) . As a result, the potential for trophic cascading effects of large carnivores is likely contextdependent with expected interacting effects of risk factors occurring at different spatial scales (Kuijper and others 2015; Painter and others 2015) . In this study, we focus on how structural fine-scale risk factors (tree logs) and landscape-scale risk factors (perceived risk gradient related to wolf activity) interact in promoting tree regeneration. More specifically, we studied how patterns of ungulate browsing depend on the distance from tree logs and how these effects are modified by landscape-scale patterns of perceived risk of large carnivores.
METHODS

Study area
This study was conducted in the Białowie_ za National Park (BNP; 52°45¢N, 23°50¢E), Poland from April to July 2015. The BNP (103 km 2 ) is a strictly protected part of the Białowie_ za Primeval Forest (BPF, 600 km 2 ) where hunting, logging or motorized traffic is not allowed and can only be entered with a permit. Due to this hands-off policy in the BNP there is a considerable amount of fallen trees that cover the forest floor (Bobiec 2002) . In the BNP tree logs are, besides small rivers and swampy areas, the only terrain features present that act as impediments for ungulates since boulders, large river valleys and mountain ridges are absent.
The BPF is a temperate lowland forest of rich multispecies tree stands that consists of a mosaic of forest types, but is dominated by a deciduous oaklime-hornbeam (Tilio-Carpinetum) forest. The climate is continental with a mean temperature of 6.8°C and a mean annual precipitation of 641 mm. The BPF contains a varied native ungulate and carnivore assemblage: red deer (Cervus elaphus, 4.7 individuals km -1 ), wild boar (Sus scrofa, 3.2 ind. km -1 ), roe deer (Capreolus capreolus, 0.8 ind. km -1 ), bison (Bison bonasus, 0.8 ind. km -1 ) and moose (Alces alces, 0.06 ind. km -1 ) co-occur with wolf (Canis lupus, 2-3 ind. per 100 km) and lynx (Lynx lynx, 1-3 ind. per 100 km). In this study, we focus on the wolf-red deer interaction since red deer are the main ungulate species in the study area in terms of density and total biomass, the main browser of all occurring ungulate species and the main prey for wolves (Gębczyń ska and Krasiń ska 1972; Gębczyń ska 1980; Jędrzejewska and others 1997; others 2000, 2002) .
Wolf activity is the highest in the wolf core, where wolves have their dens and raise their pups (Jędrzejewski and others 2007) , but wolves are active in the whole area (Schmidt and others 2009) . The activity patterns and den sites of wolves are mainly determined by human presence, that is, wolves avoid humans in space and time (Theuerkauf and others 2003a, b), resulting in safer sites for red deer near humans (that is, human shield effect; Berger 2007). Red deer tend to occur in higher densities close to humans, in contrast to far from human settlements and close to wolves, at least within the national park where no hunting occurs (Kuijper and others 2015) . Therefore, inside the National Park, red deer perceive a landscape-scale risk gradient with low perceived risk relatively close to human settlements to high perceived risk in high wolf use areas (Kuijper and others 2015) .
A field test of fine-scale versus landscape-scale risk factors
Along this perceived landscape-scale risk gradient, we searched for tree logs, our fine-scale risk factor (Figure 1 ). Selected tree logs had a length of 15.1 ± 0.57 m (mean ± SE, range = 12-23 m) and a height of 103 ± 3 cm (range = 77-147 cm), with an average volume of 12.4 ± 0.96 m 3 . Kuijper and others (2015) showed that tree logs greater than 12 m long and greater than 1 m in height resulted in increased vigilance in red deer and therefore form a significant impediment to block the view or escape possibilities. Near the tree log a minimum of 30 saplings had to grow in a range of 16 m from the tree log to allow for a good estimate of browsing intensity. In this study, we focused on saplings between 50 and 200 cm tall as this covers the preferred browsing height of red deer (Renaud and others 2003; Kuijper and others 2013) . We confirmed that no other tree log of similar size was present within 50 m radius, therefore saplings were not physically protected by other logs and thus we could measure the distance effect of a single tree log on browsing intensity. In total 26 locations were selected, widely distributed across the forest (distance between locations: mean = 4.31 km; range = 0.41-9.22 km) and all situated within the deciduous or mixed-deciduous forest type ( Figure 1 ).
Browsing intensity
At each location, we measured a maximum of 10 saplings per strip in 16 adjacent strips of 1 m wide parallel to the tree log (closest strip < 1 m from log; farthest strip 15-16 m from log), to analyze the effect of distance from tree log in 1-m classes (Figure 2) . By measuring saplings up to a maximum of 16 m from the tree log we aimed to cover the area with the strongest effects; our previous studies suggested that risk effects operate at the scale of several meters others 2013, 2014) . We started measuring saplings at the center of the tree log and moved to the edges of the strip until we had measured 10 saplings per strip. Sample area per strip was on average 13.4 ± 0.20 m 2 (± SE, range = 1.1-23 m 2 ), depending on sapling density. In addition, we sampled a control strip at approximately 50 m from the log (sampling area mean ± SE = 2.7 ± 0.17 m 2 ). We assumed this to be a 'no-risk distance' from the tree log as Halofsky and Ripple (2008) observed that deer were no longer vigilant at greater than 30 m from an impediment. Within a 50 m radius of the control no tree logs larger than 100 cm high and 12 m long were present. Figure 1 . Locations of the sampled tree logs situated on a perceived predation risk gradient, with low risk close to human settlement and high risk far from human settlements, close to wolves (Kuijper and others 2015) . The gradient was divided in four classes of distance from human settlements: filled circle-tree logs located within 1-2.4 km (low risk, n = 6); circle-tree logs located within 2.5-3.9 km (intermediate low risk, n = 9); square-tree logs located within 4.0-5.4 km (intermediate high risk, n = 6); and filled square-tree logs located within 5.5-6.9 km (high risk, n = 5). Figure 2 . Setup of the field study. Up to a distance of 16 m from a tree log of > 12 m long and > 0.8 m high we measured the height, diameter and browsing intensity of 10 saplings 50-200 cm in plot of 1 m wide parallel to the tree log. At 50 m from the tree log-the control plot-we measured the same variables for a maximum of 10 saplings. We measured visibility at a height of 50 and 150 cm from the ground at 8 m from the tree log and on the control plot (filled circle). To calculate canopy openness, we took photos with a fisheye-lens at 2, 6, 10 and 14 m from the tree log and in the middle of the control plot (filled triangle).
For each sapling between 50 and 200 cm in height (mean ± SE = 81.9 ± 0.6 cm, range: 50-200 cm), diameter and browsing intensity were measured. Browsing intensity was defined as the proportion of the 10 top branches that showed browsing marks (following Kuijper and others 2013) as the top branches are more likely to be browsed, and top branch browsing is the main factor slowing down tree growth (Kuijper and others 2010) .
Habitat visibility and canopy openness
We measured visibility per location to be able to correct for possible differences between locations, as visibility is an important determinant of perceived predation risk (Underwood 1982; Ripple and Beschta 2006 ; Sahlé n and others 2016). Visibility was measured as the distance at which the laser of a handheld rangefinder (Bresser 4 9 21 Rangefinder.800, accuracy ± 1 m up to 200 m and ± 5 m from 200 m onwards) hit any object. We repeated this three times, and slightly varied the position of the rangefinder for each measurement, to avoid hitting the same object three times in a row. We measured visibility at 8 m distance from the tree log as an average estimate of visibility for the whole range from 0 to 16 m from the tree log, and at the center of the control strip (Figure 2 ) in every cardinal and subcardinal direction (resulting in eight directions). Visibility was measured with the rangefinder kept at a height of 50 and 150 cm, the assumed minimum and maximum height adult red deer scans the surrounding while foraging or being vigilant. For both heights (50 and 150 cm), the average of the three visibility measurements was calculated and used for statistical analysis.
Canopy openness, a measure of light availability, was measured to correct for potential differences between locations as a possible confounding factor affecting growth rate. An upward canopy photograph with a fish-eye lens at 1 m above ground level was taken and analyzed with Gap Light Analyzer (GLA, version 2.0) to calculate the percentage of canopy light. We took measurements at 2, 6, 10 and 14 m and at the control at 50 m to test if canopy openness changed with increasing distance from the tree log (Figure 2 ).
Statistical methods
Data were analyzed with R, version 3.2.3 (https://c ran.r-project.org/). We used a generalized mixed effect model with a binomial distribution and a logit-link function from the lme4-package (glmer), with browsing intensity as a response variable. We tested if browsing intensity was affected by the interaction between distance from a tree log and distance from human settlements. The model included as explanatory variables distance from tree log, distance from human settlements, the interaction term between distance from tree log and distance from human settlements, visibility at 50 cm, visibility at 150 cm, and canopy openness, and location as random factor. We used backward stepwise regression to find the minimal adequate model, based on p value and Akaike information criterion (Appendix S1, Table S1 ). With the leastsquares means of the minimal adequate model (calculated with the lsmeans-package), we performed a pairwise comparison of the browsing intensity between each distance from the tree log class and the control class per distance from human settlements class. Sampled tree logs are grouped in four distance classes from human settlements (1.0-2.4, 2.5-3.9, 4.0-5.4 and 5.5-7.0 km). Within locations the measured saplings are grouped per 2 m distance from tree logs (0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16 m and the control class) to get proper sample sizes with comparable sapling numbers between the different classes for statistical analysis (Appendix S1: Table S2 ).
In total, we found 12 different tree species with sapling numbers unequally distributed over the species (Appendix S1: Table S2 ). Hornbeam was by far the most dominant species (mean = 68%, range = 40.8-90.1%) followed by lime (14.5%), whereas for five species we found less than 10 individuals. Therefore, we could not investigate whether distance from tree log or distance from human settlements affect tree species differently due to contrasts in palatability. Sapling densities (number of saplings per m 2 ) are comparable between locations and there is no support that sapling density changes with increased distance from the tree log or distance from human settlements (Appendix S1: Table S3 ). High sapling densities can attract more deer, leading to a higher browsing intensity. Alternatively, browsing intensity per sapling could be diluted at high sapling density. However, due to the comparable sapling densities, we did not have to add sapling density as covariable in our models.
For graphical representation we calculated the browsing intensity log response ratio (Borenstein and others 2009) as measure for effect size to determine how much the browsing intensity differed between the control class and each distance from tree log class, per distance from human settlements class. The log response ratio calculates the proportional difference between the mean brows-ing intensity at each distance from tree log class and the mean browsing intensity on the control class. Positive values indicate a higher browsing intensity compared to the control class, while negative values indicate a lower browsing intensity compared to control class.
With a t test we tested whether the visibility at 50 and 150 cm differed between the control strip and at 8 m from the tree log and whether the canopy openness changed with increased distance from the tree log.
RESULTS
Interactive effects between fine-scale and landscape-scale risk factors
The fine-scale effect of tree logs on browsing intensity interacted strongly with the landscapescale risk gradient (v 2 (24) = 100.19, p < 0.001): in areas with high perceived risk, browsing intensity was reduced more and at a larger distance from tree logs. In low-risk areas the browsing intensity was reduced up to a distance of approximately 4-6 m from tree logs, whereas in high-risk areas a tree log reduced browsing intensity up to a distance of at least 16 m (Figure 3 ; Appendix S1, Table S4 ). Moreover, browsing intensity near tree logs was reduced within the first 4 m with 20.3 ± 10.8% (mean ± SE) in low-risk areas compared to a maximum reduction of 37%, and more than 30% within the first 8 m from a tree log in high-risk areas (Figure 3 ). The browsing intensity was not significantly affected by visibility at 50 cm (v 2 (1) = 0.569, p = 0.451), or by the canopy openness (v 2 (1) = 1.128, p = 0.288), but was significantly affected by the visibility at 150 cm (v 2 (1) = 24.301, p < 0.001).
Habitat characteristics
The visibility at the control strip was not significantly different from the visibility measured at 8 m from the tree log (visibility at 50 cm: F(1) = 2.326, p = 0.134; visibility at 150 cm: F(1) = 0.452, p = 0.504). The canopy openness did not significantly change with increased distance from the tree log (F(4) = 0.53, p = 0.714).
DISCUSSION
Although many studies have shown the importance of risk factors in explaining the functional role of large carnivores, few have addressed how risk factors operating at different spatial scales can interact with one another. We found an interaction between structural fine-scale (tree log) and landscape-scale (perceived risk gradient) risk factors in determining the strength and magnitude of carnivore-induced risk effects on lower trophic levels. In low perceived risk areas, tree logs reduced browsing intensity in small patches (ca. 4-6 m from logs), whereas in high-risk areas browsing intensity was reduced in larger patches (over 16 m from tree logs). Moreover, the perceived landscape-scale risk affected the magnitude of these effects around tree logs, with the smallest reduction in browsing intensity in low-risk areas (< 20%) and the strongest reduction in high-risk areas (up to 37%). These results suggest that risk factors operate at different spatial scales and strongly interact and determine potential tree regeneration patterns in ecosystems where large carnivores and herbivores co-occur.
In this study, we focus on the wolf-red deer interaction since red deer is the dominant ungulate species in terms of density, the main browser (Gębczyń ska and Krasiń ska 1972; Gębczyń ska 1980) and forms 60-80% of the wolves diet (with roe deer as second prey; others 2000, 2002) in the BPF. Yet we cannot ignore the possible influences of other ungulate species (roe deer, European bison and moose) on sapling browsing, as well as of impacts of the lynx as sec- Figure 3 . Difference in browsing intensity between the control class and distance from tree log class over the perceived risk gradient (based on Kuijper and others 2015; see Figure 1 for classes of perceived risk). In areas with low-risk tree logs reduce browsing intensity within the first 4 m (indicated with the dashed line) and with a maximum of 20%. With increased risk browsing intensity is more reduced (maximum of -37%) compared to control class and the distance till which tree logs reduce browsing intensity increase still 16 m.
ond large predator in our study system. As a typical ambush predator, the lynx probably reinforces the perceived risk near an impediment for both red deer and roe deer, which strengthens our findings of lower browsing intensity near logs. In contrast, we suggest the occurrence of European bison and moose does not affect our findings. Bison and moose are rarely preyed upon (< 1%) by both wolf and lynx (Jędrzejewska and Jędrzejewski 1998 ) and therefore are not assumed to perceive a carnivore-induced landscape of fear in this system with high and low-risk sites that will affect their foraging patterns (Hayward and others 2015) .
The importance of fine-scale risk factors determining ungulate browsing
Reduced browsing pressure is expected near impediments that potentially block the view of approaching large carnivores or block escape routes. The few studies investigating the effect of structural fine-scale risk factors on ungulate behavior show an avoidance of such impediments, an increase in vigilance, and a reduction in foraging near such risk factors (Halofsky and Ripple 2008; Iribarren and Kotler 2012; Kuijper and others 2015) . As a result, a lower browsing intensity is often observed on woody saplings associated with impediments (Smit and others 2012; Kuijper and others 2013; Beschta and others 2018) . In contrast, Winnie (2012) found that impediments promoted tree regeneration only via physical protection against ungulate browsing and not via increased perceived risk. The role of structural fine-scale risk factors in affecting the effect of large carnivores on ecosystem functioning remains therefore strongly debated (Beschta and Ripple 2013; Kauffman and others 2013; Beschta and others 2014; Winnie 2014) . In our study area red deer increase vigilance levels and avoid fine-scale risk factors (Kuijper and others 2015) and in the present study we show that these lower densities and behavioral changes result in reduced browsing pressure near fine-scale risk factors. However, we cannot distinguish whether this reduced browsing pressure near tree logs is the result of reduced deer density, a reduction in foraging, or a combination of both. All tree saplings were fully accessible to ungulate browsing as all used locations contained only one tree log and no other impediments within 50 m. Physical protection therefore could not have played a role, and we argue that tree logs truly impose a 'fear effect' that deer try to avoid. As we found no change in visibility with increased distance from tree logs, we argue that blocking escape routes are the main reason why deer perceive foraging near tree logs as risky. Maybe deer can jump quite easily over an obstacle that is 1 m high, but the tree log also has a width of about 1 m and has lateral branches stretching further that can complicate the jump. Due to the generally low visibility in this closedcanopy forest, deer in these habitats might rely more on other cues indicating predation risk (Kuijper and others 2014) rather than visual cues.
The difference in results between Winnie (2012) and our study can possibly be explained by the difference in behavior of both predator and prey in the half-open system they studied compared to the closed-canopy forest in the present study. In a closed-canopy forest, wolves can use an ambush strategy when visibility is low (Petterson and Cuccie 2003) and use cover as concealment while hunting (Kunkel and Pletscher 2001) . In contrast, in the more open landscapes wolves predominantly course their prey. Wolves that use an ambush strategy to kill their prey are expected to create more predictable risk effects and thereby stronger behavioral responses in prey on risky sites than wolves using a coursing strategy (Preisser and others 2007) . In the BPF lynx probably reinforces the effect of wolves on deer behavior since it is a typical ambush hunter that sits and waits in concealment for suitable prey (mainly roe deer in the BPF). As a result, red deer and roe deer in closedcanopy forest may perceive foraging near tree logs as more risky, causing a stronger reduction in browsing intensity compared to deer foraging in open, high-visibility habitats. Moreover, due to the dominant habitat types the diet of European red deer (C. elaphus) consists of 70% woody species in our closed-canopy forest (Gębczyń ska 1980) , whereas the diet of the closely related American wapiti (C. canadensis) comprises more graminoids than woody species (66% vs 29%, Christianson and Creel 2007) . However, the percentage woody species in the diet of deer in both systems likely depends on winter severity, as snow depth can affect the availability of graminoids resulting in an increase in the consumption of woody species between years. Given the general difference in diet composition, suppression of tree regeneration is probably stronger by red deer than by wapiti. In comparison with the GYE which contains big boulders, steep ridges and large rivers acting as impediments, tree logs are the only impediments present in the Białowie_ za forest. We therefore argue that in a closed-canopy forest system structural fine-scale risk factors such as tree logs are of major importance in facilitating successful tree regeneration.
The extent to which fine-scale risk factors reduce browsing pressure strongly interacts with risk factors operating at the landscape scale. We found increased reduction in browsing pressure near tree logs in high-risk areas. This result corresponds with Kuijper and others (2015) who observed that red deer avoid areas with high perceived risk and increase their vigilance level when a fine-scale risk factor is present. The avoidance of tree logs could, besides avoiding risk, be a matter of convenience-deer walk around the patch because it blocks their route-causing lower deer densities and therefore reduced browsing near tree logs. When food is abundant, deer might avoid tree logs as a matter of convenience, but when food is scarce increased risk might prevent deer from foraging close to the logs. In our study, we showed that the radius of these 'patches of fear' imposed by structural fine-scale risk factors enlarge with increased risk at the landscape scale. Moreover, these behavioral changes lead to a lower browsing pressure and create 'windows of opportunity' for tree regeneration near structural fine-scale risk factors in high-risk areas.
For successful recruitment, a tree has to survive all stages from seed survival via seed germination and seedling establishment to sapling growth until it grows into the canopy. Earlier studies in the Białowie_ za forest showed that abiotic factors are the main factor determining seedling establishment and hence the sapling density of small-size classes (< 50 cm). Ungulate herbivory does not affect their numbers (Kuijper and others 2010) , which explains the equal sapling densities that occurred over the landscape-scale risk gradient in the present study, despite differences in deer browsing pressure. During these early stages of tree recruitment spatial discordance occurs, where seed survival is highest in areas without dead wood lying on the forest floor, and seedling germination and sapling establishment (< 50 cm) is the highest in the presence of dead wood (van Ginkel and others 2013). However, for tree saplings to grow into taller size classes (> 50 cm), ungulate herbivory becomes the main factor determining their density (Kuijper and others 2010) and intense ungulate browsing keeps trees in recruitment bottlenecks others 2017, Cromsigt and Kuijper 2011) . Once trees grow beyond the ungulate browsing line of 2 m (Kuijper and others 2013), they can escape this herbivore-driven recruitment bottleneck (Churski and others 2017) . Our study suggests that saplings within 8 m of tree logs, and in high wolf use areas have a reduced browsing intensity and hence the highest chance to escape this herbivore-driven bottleneck, and grow beyond the browsing line into the tree canopy. Overall, we show that the variation in perceived predation risk, results in strong spatial heterogeneity in browsing intensity, causing improved odds for successful tree regeneration in high-risk areas, implying a trophic cascade.
Interactive effects of spatial scales and consequences for trophic cascades Most studies on behaviorally mediated effects of large carnivores on their ungulate prey species focused on risk effects operating at the landscape level.
Landscape-scale risk factors affect spatiotemporal ungulate activity and distribution (Laundré and others 2001; Herná ndez and Laundré 2005; Riginos and others 2008; Valeix and others 2009b; Thaker and others 2011; Periquet and others 2012) with consequences for woody vegetation (Kauffman and others 2010; Ford and others 2014; Beschta and Ripple 2016) . In contrast, the role of fine-scale risk factors is still strongly debated (Halofsky and Ripple 2008; Kauffman and others 2010 , Winnie 2012 , 2014 Beschta and Ripple 2013; Beschta and others 2014) . However a recent study shows that fine-scale risk factors seem to reduce browsing intensity only in areas with frequent wolf visits (Beschta and others 2018) . This result is in line with the present study, in which we show the importance of structural fine-scale risk factors for promoting tree regeneration in oldgrowth forests which are characterized by large amounts of dead wood (Bobiec 2002) . Large carnivores apparently create a landscape of fear in which the size of 'patches of fear' is determined by the interaction between risk factors operating at different spatial scales. For an improved understanding of how large carnivores indirectly affect vegetation in ecosystems, it is crucial to consider these interactive effects between fine-and landscape-scale risk factors. As trade-offs exist between food quality and risk effects (McArthur and others 2014) future studies should aim to disentangle these interactive effects of spatial scales, and include tree palatability, for a full understanding of how forest composition and dynamics are shaped by large carnivores. 
